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geographical	 separation	 (~600	km).	 The	 separation	 is	 best	 explained	 by	 the	well‐
dated	 tectonic	 displacement	 of	 the	 Tisza–Dacia	 microplate,	 which	 started	 in	 the	





frames	 for	 the	 region,	 constraining	 the	evolution	of	 this	area's	crayfish	 to	a	much	
earlier	 date.	We	 discuss	why	molecular	 clock	 calibrations	 previously	 employed	 to	
date	European	crayfish	species	divergences	should	therefore	be	reconsidered.
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1  | INTRODUC TION
Tectonics,	 mountains,	 and	 climate	 are	 decisive	 drivers	 that	 have	
shaped	the	evolution	of	 the	earth's	 terrestrial	and	 freshwater	bio‐
diversity	and	the	distribution	of	different	species	(Antonelli,	2017).	
Investigations	 into	 the	ecological,	 historical,	 and	evolutionary	 fea‐
tures	of	species	are	of	utmost	importance	when	seeking	to	explain	
their	 current	 distributions	 (Caplat	 et	 al.,	 2016;	 Ficetola,	 Mazel,	 &	
Thuiller,	 2017;	 Rodrigues,	 Olalla‐Tárraga,	 Iverson,	 Akre,	 &	 Diniz‐
Filho,	2017).	The	distribution	of	freshwater	species	is	continentally	
restricted	and	dependent	on	 freshwater	hydrological	 connections.	
As	 such,	 these	 distributions	 are	 sensitive	 to	 perturbations	 of	 the	
surrounding	environment	(le	Roux,	Virtanen,	&	Luoto,	2013;	Slaton,	
2015)	 and	 reflect	 both	 historical	 and	 recent	 geological	 changes	
(Elith	&	Leathwick,	2009;	Tingley	&	Beissinger,	2009).	Crayfish	are	
ideal	 biogeographical	 indicators,	 since	 they	 display	 limited	 migra‐
tion	behavior	beyond	their	watershed	(Bubb,	Thom,	&	Lucas,	2006)	
and	lack	a	planktonic	larval	phase	that	could	be	spread	by	vectors.	
Crayfish	 are	 part	 of	 a	 monophyletic	 clade	 that	 includes	 the	 fam‐
ilies	Astacidae,	Cambaridae,	 and	Parastacidae	within	 the	 decapod	
infraorder	 Astacidea,	 which	 also	 includes	 marine	 lobsters.	 Their	




species	must	 consider	both	 their	 evolutionary	origins	 and	 the	his‐
torical	 development	 of	 freshwater	 habitats	 (Crandall	 et	 al.,	 2000;	
Gyllensten,	1985;	Tsang	et	al.,	2014).
The	 Alpine–Carpathian–Dinaric	 (ACD)	 orogenic	 system	 has	
been	 found	 to	have	 shaped	 the	biogeography	of	many	 freshwater	
species	(including	crayfish)	distributed	within	central	and	southeast‐
ern	 Europe	 (Bálint,	 Barnard,	 Schmitt,	 Ujvárosi,	 &	 Popescu,	 2008;	





esting,	while	 not	 fully	 understood,	 phylogeny.	 Previous	 phylogeo‐
graphic	reconstructions	have	proposed	the	north‐central	Dinarides	




then	 spread	 throughout	 the	Danube	Basin	 (Klobučar	et	 al.,	 2013).	
The	 species	 is	 currently	 present	 in	 central	 and	 western	 Europe,	

















on	 geological	 events,	 however	with	 less	 reliable	 calibration	 times.	
For	 instance,	the	divergence	between	species	of	Austropotamobius 















ered	APU	population	 related	 to	 the	other	known	populations,	and	
(b)	 how	does	 incorporation	 of	 the	APU	population,	 in	 light	 of	 the	
tectonic	history	of	the	region,	affects	the	divergence	time	estimates	
of	all	A. torrentium populations?
2  | MATERIAL S AND METHODS




and	preserved	 in	96%	ethanol	 for	 later	DNA	extraction.	The	sam‐
pling	sites	were	chosen	in	a	way	to	complement	previous	studies	on	
the	A. torrentium	phylogeography	(Figure	1),	which	failed	to	include	
K E Y W O R D S
Apuseni	Mountains,	biogeographical	pattern,	divergence	time	estimates,	endemic	lineages,	
freshwater	species	distribution,	molecular	clock,	Tisza–Dacia	mega‐unit
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samples	from	the	northeastern	limit	of	the	species	range	(north	and	
east	 of	 the	Pannonian	Plain),	 referring	 to	 the	most	 recent	 species	
distribution	map	 of	 Kouba	 et	 al.	 (2014).	 In	 addition	 to	 these	 new	
samples,	 available	 sequences	 corresponding	 to	 the	 cytochrome	 c	
oxidase	I	(COI)	and	16S	rRNA	mitochondrial	genes	were	downloaded	
from	NCBI's	GenBank,	with	sequences	of	European	astacids	(Astacus 
astacus, A. leptodactylus; Austropotamobius pallipes, and	A. italicus)	as	
outgroups	(see	Supporting	information	Table	S1).
Genomic	 DNA	 was	 extracted	 from	 the	 crayfish	 muscle	 tis‐
sue	with	 the	Qiagen	DNeasy	 Blood	&	 Tissue	 Kit	 (Qiagen,	Hilden,	
Germany)	 according	 to	 the	 manufacturer	 protocol,	 and	 DNA	was	
stored	at	−20°C	until	running	the	polymerase	chain	reaction	(PCR).	
















tering,	 trimming,	 and	 primer	 removal	 of	 trace	 files,	 whereby	 any	
sequences	with	low	quality	and/or	ambiguities	were	excluded	from	












Haplotype	 networks	 were	 constructed	 for	 individual	 and	 con‐








maximum‐likelihood	 (calculated	with	 RAxML	 8;	 Stamatakis,	 2014)	
and	 Bayesian	 inference	 (MrBayes	 3.2.6;	 Ronquist	 &	Huelsenbeck,	
2003)	 methods,	 after	 identifying	 the	 best‐fitting	 evolutionary	
F I G U R E  1  Geographical	distribution	of	Austropotamobius torrentium	phylogroups	in	Europe.	Bold	circles	indicate	the	new	sampling	sites	
selected	for	this	study	as	they	cover	the	entire	species	range






logenies	were	 inferred	with	 two	 independent	 replicate	 runs,	 each	
consisting	of	four	chains	running	for	10	M	generations.	The	MCMC	
trace	was	sampled	every	1,000	generations,	and	an	initial	25%	was	
discarded	 as	 burn‐in.	Convergence	was	 assessed	with	Tracer	 v1.6	
(Rambaut,	Suchard,	&	Drummond,	2014),	after	which	the	SumTrees.
py	 script	 from	 the	DendroPy	 library	 (Sukumaran	 &	Holder,	 2010)	
extracted	the	maximum	clade	credibility	tree	(MCCT)	and	its	nodal	
support	as	posterior	probabilities.












during	 the	 Paleogene–Neogene	 and	 is	 a	 consequence	 of	 several	




(b)	 eastward	 lateral	 extrusion	 of	 the	 Alps–Carpathian–Pannonian	
(ALCAPA)	mega‐unit;	and	(c)	the	retreat	of	the	subducted	European	
lithospheric	 slab	 beneath	 the	 inner	 Carpathians,	 which	 facilitated	















a	 consequence	of	 the	Carpathians	and	Dinaridic	 slab	 rollback,	 the	
activity	 of	 the	 extensional	 subbasins	 and	 associated	 detachments	
started	 near	 or	 in	 the	Dinarides	 and	migrated	NE	 and	 E‐wards	 in	















(Balázs	 et	 al.,	 2016;	 Roşu	 et	 al.,	 2004;	 Ustaszewski	 et	 al.,	 2008).	
During	this	movement,	the	Apuseni	Mountains	were	above	sea	level	
and	only	their	southern	part	was	affected	by	volcanism	and	devel‐
opment	 of	 small	 basins	 (Mațenco,	 2017).	 Between	 16	 and	 5	Ma,	
the	terrestrial	connection	between	the	Apuseni	Mountains	and	the	
Dinarides	was	blocked	by	the	existence	of	the	marine	and	lacustrine	
phase	 in	 the	 Pannonian	Basin.	 The	 paleo‐Danube	 and	 paleo‐Tisza	
river	 systems	 reached	 the	 southeastern	 corner	 of	 the	 Pannonian	
Basin,	 near	 the	 junction	 between	 the	 South	 Carpathians	 and	 the	
Dinarides,	only	around	4	Ma	(Magyar	et	al.,	2013).














BEAST	 phylogenetic	 analyses	 were	 run	 in	 triplicate	 at	 Florida	
International	 University's	 High‐Performance	 Computing	 Cluster	
(Panther)	 for	 100	M	 generations	 per	 replicate,	 after	 which	 traces	




among	 lineages.	 Additional	 information	 on	 priors	 and	 operators	
employed	 can	be	 found	within	 the	BEAST2	XML	 files	 available	 in	




2007).	 The	 geoscale.phylo	 function	 of	 the	 R	 package	 “strap”	 (Bell	
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logroup	having	 sufficient	data	 for	 this	 computation	 (CSE:	n = 120; 
GK:	n	=	15;	SB:	n	=	21;	ŽPB:	n	=	15)	were	assessed	by	Mantel	tests	
F I G U R E  2  Haplotype	networks	of	Austropotamobius torrentium	mitochondrial	loci	(16S	and	COI).	Node	diameter	and	annotation	denote	
sample	sizes.	Colors	represent	haplogroup,	as	illustrated	in	the	legend	of	Figure	1
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The	 final	alignments	 included	additional	159	and	89	 individual	 se‐
quences,	 for	COI	and	16S,	 respectively,	which	were	 sourced	 from	








were	 recovered	 (Figure	 2).	 A	 new	 haplogroup	 from	 the	 Apuseni	
F I G U R E  3  Maximum‐Likelihood	phylogram	estimated	using	concatenated	mitochondrial	gene	data	(16S	and	COI)	showing	the	genetic	
structuring	among	A. torrentium	populations.	Nodes	are	annotated	with	bootstrap	support	values	and	with	the	posterior	probabilities	
obtained	from	the	equivalent	Bayesian	analysis
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Mountains,	Romania	 (APU),	was	revealed	 in	 the	combined	mtDNA	
haplotype	network	analysis	(Figure	2)	and	in	the	individual	16S	and	






F I G U R E  4  Divergence	times	(x‐axis	in	millions	of	years)	of	Austropotamobius torrentium	as	estimated	with	the	proposed	geological	
calibration	(a)	and	arthropod	substitution	rate	(b)	in	BEAST.	Nodes	with	support	values	over	0.5	are	annotated	as	indicated	in	the	legend.	
Node	bars	depict	the	95%	highest	posterior	density	(HPD)	interval	of	the	divergence	between	the	labeled	haplogroups
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divergences	within	A. torrentium,	 supported	 by	 a	 large	 number	 of	





of	 evolution	 available	 in	 PartitionFinder,	 the	 models	 of	 best‐fit	
were	 selected	 based	 on	 BIC	 scores.	 This	 resulted	 in	 an	 optimal	
partitioning	scheme	consisting	of	a	single	partition	for	the	16S	mi‐




supported	 (Figure	 3).	 The	 seven	 supported	 clades	 included	 the	
populations	GK,	ZV,	APU,	LD,	ŽPB,	BAN,	and	CSE.	The	SB	popula‐
tion	was	recovered	to	be	monophyletic,	albeit	with	 low	support.	
GK	was	 the	 earliest	 branching	 lineage	 and	 sister	 to	 the	 remain‐
ing	 populations.	 The	 APU	 population	 was	 recovered	 as	 a	 sister	
clade	 to	 the	ZV	population.	A	strong	 relationship	was	 recovered	
between	 the	SB	and	CSE	populations	and	with	BAN	as	 sister	 to	
SB‐CSE	 clade.	 Some	 of	 the	 deeper	 relationships	 among	 popula‐
tions	were	poorly	 supported,	 likely	due	 to	conflict	 in	gene	 trees	
and	 lack	of	 resolution	of	 the	 loci.	 individual	gene	trees	 (COI	and	
16S,	Supporting	information	Figure	S2)	differed	slightly,	with	16S	
forming	a	polytomy	among	GK,	APU,	and	ŽPB,	and	 recovering	a	










mtDNA	 substitution	 rate	 (2.3%	 pairwise	 sequence	 divergence	 or	
0.0115	substitutions	per	site	per	million	years;	Brower,	1994).	The	
geological	time	tree	(Figure	4a)	recovered	the	most	recent	common	
ancestor	 (MRCA)	of	A. torrentium	 to	be	~20	Ma	 (HPD	24–16	Ma),	
with	the	GK	lineage	originating	at	this	time.	The	remaining	popula‐
tions	originated	during	the	Burdigalian	around	18	Ma	(HPD	15.8–
21.5).	 The	 APU	 population	 split	 from	 the	 ZV	 population	 around	
16	Ma	 (HPD	 15–17),	 represented	 by	 the	 calibration	 point	 of	 the	
Tisza–Dacia	mega‐unit	disruption	of	the	Dinarides.	The	LD‐	ŽPB‐
BAN‐SB‐CSE	populations	evolved	at	 the	 same	 time	 (16	Ma,	HPD	
12.8–19.3).	 The	 LD‐ŽPB	 divergence	 occurred	 at	 around	 13	Ma,	
which	is	similar	to	the	divergence	between	BAN	and	SB‐CSE	pop‐
ulations.	 The	 youngest	 population	 split	 is	 the	 one	 of	CSE,	which	
had	the	most	recent	common	ancestor	appearing	in	the	Zanclean	
around	4	Ma	(HPD	2.9–6).




torrentium	 only	 emerged	 ~3	Ma	 (HPD	 2.2–4),	 along	 with	 the	 GK	
population.	All	other	populations	originated	in	the	Piacenzian,	soon	
thereafter	 ~2.7	Ma	 (HPD	2–3.5).	 The	APU	population	would	 have	
diverged	 from	 the	ZV	population	 around	2.2	Ma	 (HPD	1.3–3),	 LD	
split	from	ŽPD	~1.9	Ma	(HPD	1.2–2.7)	and	BAN	split	from	SB‐CSE	
at	the	same	time	(1.9	Ma,	HPD	1.4–2.5).	The	MRCA	of	the	young‐











alignments)	 and	 nexus	 files	 used	 in	 this	 study	 as	 supplementary	
materials	 in	 the	 Dryad	 repository	 (https://doi.org/10.5061/dryad.
t72v91c).
3.5 | Spatial analysis
The	 spatial	 distribution	 of	 haplotypes	 shows	 distinct	 areas	 of	
spread	 for	 each	 haplogroup	with	 virtually	 no	 overlap	 (Figure	 1).	
The	 Mantel	 tests	 revealed	 significant	 positive	 monotonic	 asso‐
ciations	between	genetic	and	geographical	distances	within	each	
haplogroup	 (Table	 1).	 The	 relationship	 was	 strongest	 for	 the	
ŽPB	haplotypes	 (r	=	0.837)	 and	weakest	 for	 the	CSE	haplotypes	
(r	=	0.137).	However,	visual	 inspection	of	the	scatter	plots	of	ge‐
netic	 distance	 versus	 geographical	 distance	 reveals	 that,	 in	 the	
case	of	CSE	haplotypes,	there	are	numerous	pairs	of	populations	
separated	by	 large	 geographical	 distances	 for	which	 the	 genetic	
distance	was	zero	(data	not	shown).	Since	this	could	be	indicative	
of	two	distinct	spreading	events,	a	supplementary	Mantel	test	was	
performed,	 after	 having	 removed	 populations	 with	 zero	 genetic	
























4.1 | The geological context of A. torrentium 
evolution
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region	(Figure	5a),	which	was	probably	populated	by	the	ancestors	
of	A. torrentium.	 The	 separation	 of	 the	Dinarides	 from	 the	 Tisza–
Dacia	mega‐unit	(including	the	Apuseni	Mountains),	which	begun	at	
~16	Ma,	and	the	start	of	the	Pannonian	Basin	marine	phase,	resulted	
in	 the	 isolation	of	 the	populations	 in	 the	Apuseni	Mountains.	 The	
Apuseni	Mountains,	 as	 a	 part	 of	 the	 Tisza–Dacia	mega‐unit,	 con‐
tinued	 their	 northeasterly	movement	 and	 rotation	until	 11	Ma,	 by	
which	 time	 they	 had	 reached	 their	 present	 location	 (Figure	 5a‐c).	








In	 a	 more	 general	 context	 for	 crayfish	 evolution,	 our	 findings	
suggest	 that	 the	 diversification	 of	 species	 of	 Austropotamobius 
took	 place	 earlier	 than	 assumed,	 at	 ~42	Ma	 (mean	 value;	 HPD	
54–32	Ma),	 and	 the	 split	 between	 Astacus and	 Austropotamobius 
occurred	~48.8	Ma	(HPD	62.4–37.5),	which	is	 in	concordance	with	
the	timeframe	estimated	by	Bracken‐Grissom	et	al.	(2014)	based	on	
a	 Bayesian	 Posterior	 Branching	 Process	 (BPBP)	 model	 (Wilkinson	




Apuseni	Mountains	are	also	more	closely	 related	 to	species	 found	
in	 the	Dinarides	 than	 to	 those	 found	 in	 the	Carpathians	 (Copilaş‐
Ciocianu	&	Petrusek,	2015;	Kontschán,	2015;	Meleg,	Zakšek,	Fišer,	
Kelemen,	&	Moldovan,	2013;	Ribera	et	al.,	2010).
4.2 | The evolution of endemic versus widespread 
A. torrentium haplogroups
The	clustering	of	old,	endemic	haplotypes	of	A. torrentium	within	
a	 small	 geographical	 area	 of	 the	 north‐central	 Dinarides	 indi‐
cates	 a	 close	 and	 long‐lasting	 isolation	 in	 that	 area.	 The	 spa‐
tial	 distribution	 of	 the	 analyzed	 NCD	 haplogroups	 (GK,	 ŽPB)	
showed	 the	 highest	 correlation	 between	 geographical	 and	 mo‐
lecular	 distances	 (Table	 1).	 Dinarides	 exhumation	 and	 establish‐









formation	 of	 the	mountain	 range	 of	 Alps	 to	 the	 northwest,	 the	
Adriatic	Sea	in	the	south	and	southwest,	and	the	Paratethys	in	the	
north	(Figure	5)	and	subsequently	the	Pannonian	Lake,	for	a	period	
of	 about	 11	m.y.	 (Balázs	 et	 al.,	 2016).	 This	 time	 frame	 coincides	
with	 the	 split	 and	 diversification	 of	 the	 inhabiting	A. torrentium 




populations	 and	 the	 limited	 amount	 of	 available	 data.	 It	 is	 quite	








The	 SB	 haplogroup,	 currently	 distributed	 within	 the	 Balkan	
Mountains,	 evolved	more	 recently	 and	 has	 a	 relaxed	 spatial	 distri‐
bution	 that	 is	well	 reflected	 in	molecular	distances	 (Table	1).	These	
populations	 split	 from	 the	 southeastern	 Dinarides	 (at	 ~16	Ma)	 and	
expanded	progressively	toward	the	east	and	south	(Figure	5b,c),	fa‐
vored	 by	 the	 improved	 freshwater	 hydrological	 connectivity	 in	 the	
southeastern	part	of	the	Dinarides.	The	starting	of	this	expansion	can	
also	be	triggered	by	the	disappearance	of	the	Dinarides	Lake	System	
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4.3 | Revisiting molecular clock calibrations
Current	thinking	is	that	the	Dinarides	orogeny	was	responsible	for	
triggering	the	separation	of	A. pallipes	from	A. torrentium	(see	Trontelj	










the	Pannonian	Basin	was	at	 that	 time	 in	 the	paleo‐Danube	phase,	
the	 colonization	 of	 such	 a	 highly	 specific	 restricted	 area	 as	 the	
Apuseni	 Mountains	 cannot	 be	 reasonably	 explained.	 Present‐day	
Tisza	River	and	its	tributaries,	which	could	have	been	used	by	A. tor‐
rentium	to	reach	the	northern	part	of	the	Apuseni	Mountains,	were	











A	 comparison	 between	 the	HPDs	 of	 the	molecular	 clock	 esti‐
mated	in	this	study	and	that	estimated	in	other	studies	by	Trontelj	
et	al.	(2005),	Klobučar	et	al.	(2013),	Jelić	et	al.	(2016),	and	Bracken‐
Grissom	et	al.	 (2014)	 is	 available	 in	Figure	6.	Our	estimates	based	
on	tectonic	calibration	do	not	overlap	with	any	of	the	HPD	results	
based	 on	 substitution	 rates	 or	 calibration	 based	 on	 the	Dinarides	
orogeny,	as	provided	by	Trontelj	et	al.	(2005),	Klobučar	et	al.	(2013),	
and	 Jelić	 et	 al.	 (2016).	 An	 overlap	 occurred	 with	 the	 HPD	 of	 the	
two	 European	 astacid	 genera	 divergences	 estimated	 by	 Bracken‐
Grissom	et	al.	(2014)	based	on	a	BPBP	fossil	calibration	model.	Using	
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Diesel,	 and	 Hedges	 (1998),	 Lefébure,	 Douady,	 Gouy,	 and	 Gibert	










the	 data's	 large	 compounded	 error,	 but	 even	 designate	 the	 rates’	










Brower,	 (1994)	 substitution	 rates	has	performed	 this	 correction	 in	
their	analyses.	Finally,	there	is	recent	evidence	for	substitution	rate	
variation	among	populations	inhabiting	different	latitudes	(Schär	et	








of	 Austropotamobius torrentium	 were	 incomplete,	 because	 the	
northeastern	 part	 of	 the	 species	 distribution	 had	 not	 been	 in‐
cluded.	This	 study	 fills	 that	data	gap,	which	 turns	out	 to	be	one	
of	 the	most	 important	 pieces	 of	 the	 puzzle.	Molecular	 analyses	
reveal	that	the	populations	sampled	from	the	Apuseni	Mountains	
are	 very	 different	 from	 nearby	 populations,	 but	 surprisingly	 re‐
lated	 to	populations	 found	about	600	km	away	 in	 the	Dinarides.	
We	explain	the	endemism	of	these	populations	(i.e.,	the	APU	hap‐
logroup)	 in	 the	Apuseni	Mountains	 through	 the	well‐established	
















lution	 in	 the	 area	 to	 a	much	 earlier	 time	 frame.	 The	 large	 genetic	
separation	of	the	APU	haplogroup	lineage	may	have	interesting	tax‐
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